With an estimated 9 million new cases each year, and 1.5 million fatalities in 2013, TB, an infectious disease caused by Mycobacterium tuberculosis, is among the most widespread diseases to plague mankind. 1 The resurgence of TB especially the drug-resistant TB in recent years calls for the development of new diagnostic and therapeutic strategies. 2 TB poses additional challenges owing to the unique structure of mycobacteria. The mycobacterial cell wall resembles that of the Gram-positive bacteria, however, it has an additional layer of lipids. This lipid-rich cell wall acts as a permeability barrier to polar molecules and controls the passage of host susceptibility components such as antimicrobial drugs into the cell. 3 Relatively hydrophobic antibiotics such as rifampicin and fluoroquinolones are able to diffuse through the lipid bilayer, however, only a small number of hydrophilic antibiotics can cross the bilayer through porin channels due to low abundance of mycobacterial porins on the outer membrane. 4 This issue can potentially be overcome by using nanomaterial-based therapeutics to deliver antimicrobial drugs. Efficient uptake of nanomaterials by the cells is the first step for the effective delivery of drugs and therapeutic agents. [5] [6] [7] [8] Internalization of nanoparticles by mammalian cells has been well documented, leading to the conclusion of receptor-mediated endocytosis for the uptake of nanoparticles by mammalian cells. [9] [10] [11] For bacterial cells, however, the general view does not support endocytosis, pinocytosis or exocytosis due to the presence of the thick peptidoglycan cell wall. [12] [13] [14] Therefore, methods facilitating the targeting of bacterial cells are of high importance in developing effective antimicrobial nanotherapeutics.
In this work, we report a general strategy to target mycobacteria by conjugating trehalose to nanoparticles. Trehalose is a non-mammalian disaccharide and is a major component in the cytosol of both M. smegmatis and M. tuberculosis, making up 1.5%-3% of the bacterial dry weight. 15, 16 Trehalose is also incorporated into a range of mycobacterial cell wall glycolipids (e.g. trehalose 6,6'-dimycolate), 16, 17 which participate in cell wall associated pathogenicity of M. tuberculosis. 18 Exogenous trehalose is transported to the mycobacterial cytoplasm through the high affinity trehalose transporter system. 19 The prominence of trehalose in the cytoplasm and the role that it plays towards pathogenicity has led to drug targets that can be used to disrupt trehalose biosynthesis pathways in M. tuberculosis. 20 In the work of Davis and coworkers, 21 trehalose labeled with a fluorescent dye was used as an imaging probe to detect M. tuberculosis in vitro, where the dye-trehalose conjugate was internalized by the mycobacterium bacilli through the trehalose transporter. Nanoparticles used in this study include silane-protected iron oxide magnetic nanoparticles (MNPs), silica nanoparticles (SNPs), and fluorescein (FITC)-doped silica nanoparticles (FSNPs). MNPs were prepared by heating iron (III) acetylacetonate, 1,2-hexadecanediol, oleic acid and oleylamine in dibenzyl ether, and were silanized with 3-(trihydroxysilyl)propyl methylphosphonate, monosodium salt (phosphonate-silane) to increase the water dispersibility (Scheme S1). 22 Particle sizes were measured to be 6.4 ± 0.7 nm (TEM) or 6.7 ± 0.6 nm (DLS) ( Fig. S1 ). SNPs were synthesized using a modified Stöber method, 23 and the particle size was 42.1 ± 1.9 nm (TEM) or 44.4 ± 1.7 nm (DLS) ( Fig. S2 ). FSNPs were prepared by co-condensing tetraethyl orthosilicate with FITC-derivatized silane, 24, 25 and the particle size was 30.2 ± 2.1 nm (TEM) or 32.9 ± 1.9 nm (DLS) ( Fig. S3 ). Trehalose was conjugated to nanoparticles using the photocoupling chemistry developed in our laboratory. [26] [27] [28] [29] [30] Nanoparticles were first functionalized with perfluorophenyl azide (PFPA) by treating SNPs or FSNPs with silane-derivatized PFPA, [31] [32] [33] [34] or
MNPs with a phosphate-derivatized PFPA (Scheme S1, see supporting information for details). 35, 36 The resulting PFPA-NPs ( Fig. S4 ) showed the asymmetric stretch of the azide (-N 3 ) at ~ 2119 cm -1 in the FTIR spectra ( Fig. S5 ). Trehalose was then covalently conjugated to PFPA-NPs by irradiating the particles in the presence of an aqueous solution of trehalose ( Fig. S6 . Scheme S1). 35, 37, 38 The density of trehalose conjugated on nanoparticles was determined by thermal gravimetric analysis (TGA) to be 11.5×10 -16 , 4.1×10 -16 , 8.7×10 -16 µg/nm 2 for Tre-SNP, Tre-MNP and Tre-FSNP, respectively ( Fig. S7 , Table S1 ). D-Glucose (Glc), cyclodextrin (CD) and maltoheptaose (G7) were used as controls and were conjugated to nanoparticles following the same protocol as trehalose. The densities of these carbohydrates conjugated on nanoparticles, determined by TGA, were on the same order of magnitude as those of trehalose (Table S1 ). M. smegmatis was used as the model mycobacterium 39-41 because it has been widely accepted as a mycobacterium model for the development of therapeutic drugs against TB [42] [43] [44] [45] and it is non-pathogenic. In the experiment, carbohydrateconjugated nanoparticles were treated with M. smegmatis at 37 °C for 6 h. After excess nanoparticles were removed from the medium, the samples were examined under TEM. Results showed that nanoparticles conjugated with Tre had higher interactions with M. smegmatis than nanoparticles modified with G7 or CD (Fig. 1a ). Particles were pressed against cell wall, creating crevices on the bacilli. Thin section samples prepared from the bacteria treated with Tre-MNPs showed the presence of nanoparticles at the cytoplasm of M. smegmatis (Fig. 2a, S8 ). Similar observations were obtained with nanoparticles conjugated with Glc where particles were seen on the surface (Fig. 1b) as well as inside the bacteria cells (Fig. 2b) . For nanoparticles conjugated with G7 or CD, however, very little surface adherence was observed on the bacteria (Fig. 1c, 1d,) . Furthermore, no particles were observed inside M. smegmatis from the thin section samples (Fig. 2c, 2d) .
We next investigated the interactions of carbohydrateconjugated nanoparticles with mammalian cells. In this case, FSNPs, which fluoresce green, were used to aid visualization. Tre-FSNPs were incubated with murine macrophage (RAW 264.7) in serum free DMEM medium at 37 °C for 2 h, and the sample was then treated with nucleic acid staining dye SYTO 61®. Laser scanning confocal microscopy (LSCM) images show that samples treated with Tre-FSNPs were mostly red, which is the color of the stained macrophages (Fig. 3a) . On the other hand, samples treated with Glc-FSNPs under the same conditions appeared orange (Fig. 3b) , which is the mix of red (labeled macrophages) and green (FSNPs). This demonstrates that Tre-conjugated nanoparticles had little interactions with the macrophage whereas Glc-conjugated nanoparticles interacted strongly with the macrophage. The experiment was repeated using A549 cells and Tre-or Glc-conjugated iron oxide nanoparticles. The samples were stained with potassium ferricyanide to detect the presence of iron. A549 cells treated with Tre-MNPs showed minimal color whereas cells treated with Glc-MNPs showed the typical Prussian blue color (Fig. S9) . These results are consistent with those from the macrophage study that Tre-conjugated nanoparticles had little interactions with the cells whereas Glc-NPs interacted strongly with both cell lines. The viability of M. smegmatis after treating with carbohydrate-conjugated SNPs was tested by the alamarBlue® assay. Cell viabilities of 98%, 96%, 97% and 98% were obtained for Tre-SNPs, Glc-SNPs, G7-SNPs and CD-SNPs, respectively (Fig. S10a) . For A549 cells, the WST-8 assay46 was used and cell viabilities of 99%, 99%, 78%, 98%, 98% and 85% were obtained for Tre-SNPs, Glc-SNPs, CD-SNPs, G7-SNPs, Tre-FSNPs and CD-FSNPs, respectively (Fig. S10b) . These results suggest low toxicity of carbohydrate-conjugated SNPs towards the mycobacteria and A549 cells under the experimental conditions.
The selective interaction of Tre-NPs with M. smegmatis over mammalian cells opens up the possibility of using trehalose as the targeting ligand for mycobacteria. To further confirm the selectivity of trehalose-mediated interactions towards mycobacteria, A549 cells were treated with SYTO® 61stained M. smegmatis and fixed in paraformaldehyde (5%) solution. The mycobacteria (fluoresce red) were seen on A549 cells in both (LSCM) images ( Fig. 4a ) and the SEM image ( Fig.  S11a) . M. smegmatis-treated A549 cells were then incubated with Tre-FSNPs for 6 h. The LSCM image showed the green color (Tre-FSNPs) in the region of the A549 cells that had M. smegmatis (Fig. 4b ). In the SEM image, nanoparticles were also observed on A549 cells where M. smegmatis were present (Fig. S11b ). In addition, the optical image ( Fig. 4c ) merged with the LSCM images showed Tre-FSNPs (green) in the regions where M. smegmatis (red) were present (Fig. 4d ). In the control experiment where the M. smegmatis-treated A549 cells were incubated with CD-FSNPs, no green color was seen in the LSCM image ( Fig. S12) and no nanoparticles were observed on the bacteria in SEM image either (Fig. S11c) . These results further supported that trehalose-mediated interactions are specific towards mycobacteria and are selective over mammalian cells.
In summary, we have demonstrated that nanoparticles conjugated with trehalose exhibits strong interactions with M. smegmatis. TEM thin section images revealed the presence of Tre-MNPs on the cell wall as well as in the cytoplasm of M. smegmatis. Furthermore, Tre-NPs had minimal interactions with macrophage (RAW 264.7) or A549 cells. When Tre-NPs were incubated with A549 cells treated with M. smegmatis, Tre-NPs were found only in the regions where M. smegmatis were present. This selective interaction with M. smegmatis over mammalian cells was absent in Glc-NPs where the nanoparticles showed high interactions with both M. smegmatis and mammalian cells. The general strategy of using trehalose-facilitated interactions with mycobacteria has high potential in developing effective therapeutic and diagnostic tools for treating mycobacterial infections such as TB.
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